Citizen science, the involvement of volunteers in research, has increased the scale of ecological field studies with continent-wide, centralized monitoring efforts and, more rarely, tapping of volunteers to conduct large, coordinated, field experiments. The unique benefit for the field of ecology lies in understanding processes occurring at broad geographic scales and on private lands, which are impossible to sample extensively with traditional field research models. Citizen science produces large, longitudinal data sets, whose potential for error and bias is poorly understood. Because it does not usually aim to uncover mechanisms underlying ecological patterns, citizen science is best viewed as complementary to more localized, hypothesis-driven research. In the process of addressing the impacts of current, global "experiments" altering habitat and climate, large-scale citizen science has led to new, quantitative approaches to emerging questions about the distribution and abundance of organisms across space and time.
INTRODUCTION
Landscape ecology: study of importance of spatial variation in biological, physical, and social landscapes at a variety of scales Coupled systems research: ecological research that includes human and ecological inputs in the same model Development of new cell phone technologies is rapidly increasing the potential for immediate validation of observations and transmission of data as well as combining electronic sensor data with human observations (Burke et al. 2006) .
The model of citizen science currently having the greatest influence on the field of ecology involves monitoring biodiversity at broad geographic scales. By allowing ecologists to move from local inference to inference at the scale of species ranges and ecosystems, citizen science accounts for growth in the fields of macroecology and geographical ecology, both of which explore spatial variation in colonization/extinction dynamics and environmental (niche) requirements across species' ranges (Bock & Lepthien 1975 , Brown 1995 . Similarly, it allows landscape ecology researchers to study the impact of land use change at large spatial scales, where important processes not detectable at local scales may dominate dynamics. Citizen science appears particularly effective at finding rare organisms, including new, invasive organisms and disappearing native species (e.g., The Lost Ladybug Project). The bang for the buck can be good; in the case of Cornell's Project FeederWatch (Figure 1) , participants pay fees that support the project, while also contributing effort valued at $3,000,000 per year ( Table 2) .
Citizen science is a good match for the new field of urban ecology and the perspective of coupled systems research (Lepczyk et al. 2009 , McCaffrey 2005 , Machlis et al. 1997 . In urban and suburban environments, citizen science can match ecological monitoring data with data on human attributes, including educational/health statistics and participants' residential practices such as pesticide and water use, energy consumption, pet ownership, and residential habitat management, to better understand the impacts of cultural and behavioral practices on ecological response variables (Field et al. 2010) .
In this review, we focus on the nature of citizen science research, its value to the field of ecology, and the challenges it presents. Using bird monitoring examples, we explore (a) the potential for citizen science to contribute to a wide range of ecological research questions and (b) the complex issues that arise in working with large, heterogeneous data sets. We do not cover the practice of developing citizen science projects, nor do we explore how to make citizen science projects better, because program development is a complex topic and is covered elsewhere (Bonney et al. 2009 ). Although we recognize that ecological literacy is a fundamental requirement in today's world, where people are asked to make personal and policy choices that influence the degree of ecological disturbance, we do not explore the impact of citizen science on ecological thinking or "habits of mind" ). Instead, we provide insight into the research value and constraints of citizen science data, the statistical expertise required to use the data, and the continuing requirement for biological insight, good questions, experiments, and strong inference.
CITIZEN SCIENCE AS A RESEARCH TOOL
We start with the premise that observing and defining ecological patterns, in the absence of questions that advance understanding of ecological processes, are largely descriptive. Once identified, however, patterns comprise initial observations, stimulating further investigation that will advance the field (Figure 2) . So while identifying ecological patterns and trends is of considerable importance, investigating whether these patterns and trends conform to a competing set of alternative, a priori hypotheses is required for strong inference.
Although citizen scientists can be recruited into question-driven and experimental studies (e.g., Jones et al. 1998) , most large-scale citizen science projects provide long-term monitoring data. In spite of the connection between citizen science and exploratory research, these monitoring efforts occasionally come under scrutiny. Nichols & Williams (2006) highlighted the distinction between targeted monitoring, which is designed based on a priori hypotheses or conceptual models, and
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Figure 1
FeederWatch map of North America with all details of the map "drawn" simply by placing participants' locations (latitude and longitude) as points in two-dimensional space. Cities, towns, and population centers become obvious, because FeederWatch data are typically gathered in backyards. (Inset: closer view of Northeastern North America).
surveillance monitoring, which is conducted without specific hypotheses in mind. Most citizen science programs involve surveillance monitoring of numerous species over broad geographic regions, with the idea that data will ultimately be useful for a broad spectrum of questions. In general, targeted monitoring puts less emphasis on finding and estimating patterns and trends, and instead emphasizes the monitoring of priority species based on taxonomic status, endemism, sensitivity, immediacy of threats, public interest, and other factors (Yoccoz et al. 2001) . In general, it is easier to evaluate alternative hypotheses when data collection is designed with specific predictions in mind; however, surveillance monitoring is perhaps the only means of addressing unanticipated threats to biodiversity. Throughout this review, we highlight the requirement for expertise in working with large, messy, spatial data sets and the need to entertain competing, alternative hypotheses to make good use of citizen science data. We also argue that omnibus surveillance of multiple species throughout a region has an important role to play as a first line of attack; it can illuminate unexpected or even counterintuitive patterns and trends as the starting point for intensive, targeted monitoring or theoretically driven research. For example, in England, multigenerational observations of flowering time by garden hobbyists were used to document large phenological shifts of plant species in response to climatic warming (Hepper 2003) . Moving from surveillance monitoring to 
Use existing data

Figure 2
Citizen science and its relation to more traditional approaches to ecological research. Citizen science research includes both preliminary analysis to examine patterns and trends, which are often of significance to conservation and management, and generation of a priori hypotheses and predictions, which lead to strong inference. When used to generate hypotheses, patterns and trends become analogous to the initial field observations ecologists make, fitting within a hypothetico-deductive framework. Predictions can be tested with existing data, new samples and observations, or citizen science experiments.
targeted monitoring can lead to observational tests of hypotheses that require data at the macroscale or recruitment of a subset of participants for more specific, high-effort or shortterm studies directed at specific questions (Figure 2) . The latter approach has been successful in a variety of research contexts, including cases where observers have been recruited to conduct manipulative experiments (Hames et al. 2002) , collect and upload data from electronic sensors (Cooper & Mills 2005) , or collect and mail biological samples to researchers (Koenig et al. 2009 ). This process also works in reverse, where ecologists involved in detailed, local studies can recruit citizen scientists to conduct experiments at larger scales, tapping existing groups like the Boy Scouts ( Jones et al. 1998 ).
The following sections summarize the benefits and challenges of using citizen science data, beginning by assessing the growing impact of citizen science research. We use ornithological research as the primary example, because ornithology has a long history of embracing citizen science and therefore has a large number of research examples that can be evaluated. Even within ornithology, the greatest research impact has been achieved in the past decade using long-term monitoring databases designed at a time when many of the questions posed were not even on the table. We then review issues of data quality, emphasizing the challenges of working with data whose potential for error and bias is usually poorly understood. Our goal is to focus on large-scale citizen monitoring efforts, because other means of involving volunteers in research, e.g., EarthWatch, are not very different from the typical practice among ecologists of engaging undergraduate field assistants.
CONTRIBUTIONS TO BASIC AND APPLIED ECOLOGY
Below we present examples of a variety of questions that have been addressed with citizen science data on birds. The data sets come from citizen science efforts in North America and Europe ( Table 2) . We begin with global climate change effects and macroecology, because these are areas of research for which citizen science data are indispensible.
Species range shifts:
shifts in the geographical area occupied by a species
Global Climate-Change Effects on Birds
Recent changes in global temperatures have spurred significant interest in documenting and predicting ecological responses to climate change, with increased reliance on citizen science projects such as the CBC (Canterbury 2002 , Repasky 1991 , Root 1988 . Large, spatial data sets with long time series are rare, even for birds, and have proven crucial for studying the role of recent climate change in driving shifts in species ranges (Thomas & Lennon 1999) , onset of egg laying (Winkler et al. 2002) , and migratory timing (Hüppop & Hüppop 2003) .
Species range shifts. In response to warming, populations should shift poleward and higher in elevation, with the most dramatic shifts occurring along range boundaries. Because breeding bird atlases have relatively even sampling effort and are often repeated at relevant intervals, they are useful for examining range boundary shifts (Lemoine et al. 2007 , Zuckerberg et al. 2009b . Thomas & Lennon (1999) analyzed Britain's two breeding bird atlases (1968-1972 and 1988-1991) and found shifts in the northern range margins of 59 southerly species, concluding that climate change was the most likely explanation. These shifts were unidirectional and not matched by shifts in the southern range boundaries of northerly bird species. In Finland, Brommer (2004 Brommer ( , 2008 found similar patterns and also suggested that shifts were larger for small-bodied and wetland birds. Northward range shifts have been documented for waders in Western Europe (Charadrii) (Maclean et al. 2008 ) as well as wintering and breeding birds in North America (Butler et al. 2007 , Hitch & Leberg 2006 , La Sorte et al. 2009 , La Sorte & Thompson 2007 . Since the 1930s, half of 24 bird species banded in the Netherlands, mostly short-distant migrants, have gradually begun to winter closer to their breeding grounds (Visser et al. 2009 ). In sum, citizen science data have been critical for documenting poleward range shifts for numerous taxa across the world, providing some of the strongest evidence that species are responding to recent climate change (Hickling et al. 2006 , Parmesan & Yohe 2003 , Walther et al. 2002 .
Phenology. With growing interest in phenology (e.g., The USA-National Phenology Network), data from constant-effort banding operations, many of which rely upon citizen scientists, provide critical information. In Europe and North America, migratory arrival times appear variously tied to cycles of the North Atlantic Oscillation (NAO), the El Niño Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and local temperatures (Hüppop & Hüppop 2003 ). Both long-(trans-Saharan) and short-distance migrants showed advancing autumnal departure dates based on a 42-year study in western Europe, but the effect was smallest for short-distance migrants wintering north of the Sahara ( Jenni & Kery 2003) . In regions of North America that have not experienced warming, arrival times have not shifted, although timing and speed of migration appear plastic and change with weather encountered en route (Marra et al. 2005) . Challenges confronting the use of banding data to examine phenological shifts include heterogeneity in banding, recapture, and resighting efforts as well as temporal changes in land use, habitat, and supplemental feeding (Fiedler et al. 2004) . Ideal data come from banding stations that follow standardized protocols covering the entire migration period (Hüppop & Hüppop 2003) . Breeding phenology may be especially sensitive to climate change; a study of breeding phenology based on 2,881 nest record cards for Tree Swallows, Tachycyneta bicolor, across the United States revealed that laying dates have advanced by about 9 days in just over 30 years (Winkler et al. 2002) .
Changes in species richness and community composition. Although citizen science is often used to examine effects of environmental change on individual species, it is rarely used to examine
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impacts on communities. We should be concerned about disruptive impacts of large shifts in community composition; lack of information on these shifts certainly weakens population-level projections. Lemoine et al. (2007) used atlas data collected an average of 12 years apart to examine the response of 21 European bird communities to climate change. They found that by 1992 species richness and community composition had already responded with an increase in the frequency of long-distance migrants and a reduction in the frequency of short-distance migrants, suggesting that warming increases the relative survival and reproductive success of more vagile species. This study points to a need for new citizen science research focused on geographic changes in communitylevel interactions.
Macroecology
Macroecology, the study of relationships between organisms and their environment over broad spatial scales, is more dependent than any other area of ecology on data collected by citizen scientists (Brown 1995 . For example, the abundance-occupancy rule predicts that species with high average densities will be widely distributed, whereas species that are less abundant will have more restricted ranges . Researchers have examined abundance-occupancy relationships over large geographic regions, both at a single point in time (interspecific relationships) and over multiple years (intraspecific relationships) (e.g., Blackburn et al. 1998; Freckleton et al. 2005 Freckleton et al. , 2006 Gaston & Curnutt 1998 ). Britain's Common Birds Census (Table 2) , which ran from 1962 to 2000, produced detailed territory maps for nearly one million birds. This survey, carried out by 250 to 300 dedicated volunteers, used the same methods on the same plots year after year. The mean sampling duration was seven consecutive years, but a few observers surveyed the same sites for more than 30 years. Analysis of data for 73 farmland and 55 woodland bird species demonstrated that abundance-occupancy relationships have weakened over time, particularly for rare and declining species (e.g., Webb et al. 2007 ). More and more we are seeing a need for studies addressing the anthropogenic disruption of macroecological processes (Kuhn et al. 2008 ).
Landscape Ecology: Habitat Loss and Fragmentation
Citizen science data are particularly suitable for studying the effects on biodiversity of habitat loss and fragmentation, providing sufficient coverage for landscape-scaled, fragmentation studies. Using georeferenced data and broad geographic sampling of a large number of species with varying life-history characteristics (e.g., migratory status, vagility, habitat specificity, etc.), scientists are able to test predictions for which species will be more or less affected by fragmentation across a diversity of geographic regions. Ecologists have used both roadside surveys (Boulinier et al. 1998 Flather & Sauer 1996) and atlas data (Vallecillo et al. 2009 , Venier et al. 2004 , Villard et al. 1999 , Zuckerberg & Porter 2010 to quantify the effects of habitat loss and fragmentation on wildlife populations. By and large, these studies showed that habitat loss and fragmentation reduce the probability that a species will occupy a landscape and increase variability in abundance (over twenty or more years), especially for habitat specialists (e.g., area-sensitive species).
Population and Community Ecology
Life-history evolution. Life-history theory makes explicit predictions about variation in survival and reproductive strategies of organisms, which can be tested by examining geographic variation within and among species. Citizen science data, such as those gathered on nest record cards and 
MG:
Mycoplasma gallisepticum through Cornell's NestWatch program, provide information on reproductive success of birds at the continental scale. These data have been used to test thermal constraints on hatching success by examining the geographic predictions of the egg viability hypothesis (Stoleson & Beissinger 1997) . Because high ambient temperatures trigger embryonic development, leading either to early onset of incubation or to loss of early-laid eggs, increased ambient temperatures should result in increased hatching failure, especially for larger clutches, clutches laid closer to the equator, and clutches laid later in the breeding season. These predictions were supported by data on eastern bluebirds, Sialia sialis, for 32,567 eggs from 7231 nests in North America (Cooper et al. 2006) . Future integration of citizen-generated bird-banding and recovery information with nest monitoring data would provide full demographic data, allowing ecologists to study the spatial ecology of population viability and life-history trade-offs.
Ecology of infectious disease. Citizen science has considerable potential for helping to detect and track infectious disease (Crowl et al. 2008) . The most striking example of this is the early detection and monitoring of the house finch eye disease, caused by a novel strain of the bacteria, Mycoplasma gallisepticum (MG), and first detected in North American finches in 1994. Infected house finches, Carpodacus mexicanus, show visible symptoms, including swollen eyes with excretions and lethargic behavior, which make a reliable diagnosis relatively simple, even for the novice observer . Recruiting volunteers from an existing network of citizen scientists involved in Project FeederWatch, the House Finch Disease Survey (HFDS) launched quickly and immediately began to collect data on the number of sick and healthy finches. Citizen scientists not only tracked the geographic spread of MG in house finch populations, but they confirmed the spread to alternate host species, helping researchers identify possible modes of transmission (Hartup et al. 1998) . Analysis established that high disease prevalence in house finches was associated with increased spread of MG to secondary hosts (Hartup et al. 2001) . Data from BBS, CBC, and HFDS revealed that house finch numbers rapidly decreased and then stabilized at lower levels in areas of outbreaks, indicating a density-dependent process (Hochachka & Dhondt 2000) . Disease dynamics were primarily a function of interactions among finches at individual sites with little evidence of habitat, regional, or weather effects (Hochachka & Dhondt 2006) . This ability to take advantage of opportunities to recruit citizen scientists from general to targeted monitoring projects is an intrinsic value of citizen science.
In a second example, citizen science data have proven crucial for studying the recent spread of West Nile virus (WNV) in North America, particularly for the highly susceptible American Crow, Corvus brachyrhyncos (Bonter & Hochachka 2003 , Hochachka et al. 2004 ) and California's endemic Yellow-billed Magpie, Pica nuttalli (Crosbie et al. 2008) . Citizen science monitoring provides ready support both for new, direct measures of disease prevalence and for indirect analysis of disease impacts using population trends.
Interspecific competition and the ecology of invasive species. Invasive species are drivers of global environmental change, particularly in plant communities and aquatic systems (Sala et al. 2000) , but environmental change is also likely to drive new invasions. Citizen science has tracked changes in distributions of invasive birds colonizing new habitats, including the rate of population growth in the invasive mute swan, Cygnus olor, in North America (Petrie & Francis 2003) and the extent of range expansion by the Eurasian collared-dove, Streptopelia decaocto, in both North America and Europe (Eraud et al. 2007 , Rocha-Camarero & DeTrucios 2002 . Going beyond distribution mapping, Bonter et al. (2009) linked the abundance and distribution of Eurasian collared-doves in Florida with remotely sensed land cover data, showing that urban and suburban sites were more likely to be occupied by this invasive bird.
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Negative interactions between non-native, invasive species of birds that share an ecological niche with native species are widely assumed, but evidence of rangewide impacts is limited (Bonter et al. 2009 , Koenig 2003 . Data from the BBS and CBC demonstrated negative populationlevel effects of the house finch on established populations of the house sparrow (Passer domesticus, itself non-native) and purple finch (Carpodacus purpureus) as the house finch expanded into eastern North America (Wootton 1987) . Revisiting data from BBS, CBC, and Project FeederWatch two decades later, after house finch populations were reduced by disease, Cooper et al. (2007b) demonstrated that house sparrow population declines slowed or ceased, further suggesting interspecific competition between house finch and house sparrow populations.
Potential effects of non-native starlings (Sturnus vulgaris) on native cavity-nesting birds in North America are of great interest to ornithologists (Cabe 1993) , but incontrovertible evidence is limited. Using CBC and BBS data, Koenig (2003) failed to detect population declines that could be attributed to starlings for nearly all of 27 species examined with the exception of the sapsuckers (Sphyrapicus sp.). Similarly, Bonter et al. (2009) did not detect population-level effects of the invasive Eurasian collared-dove on native Columbids in Florida. However, data from the North American BBS suggest that outbreaks of the invasive gypsy moth, Lymantria dispar, provide a trophic subsidy for some native bird species (Barber et al. 2008) .
Citizen science data have allowed researchers to identify hotspots of nonindigenous birds in the continental United States and Hawaii and to see how these hotspots relate to various biotic and abiotic factors (Crowl et al. 2008 , Stohlgren et al. 2006 ). Creation of continental-scale networks may improve understanding of invasions and their consequences (Crowl et al. 2008) . Although a number of networks have already been developed for this purpose (Meyerson & Mooney 2007) , new tools for merging biodiversity databases would facilitate integrated research on ecological invasions.
Biocontaminants, Biogeochemistry, and Ecosystem Ecology
Biocontaminants have regained visibility in recent years as a major source of bird declines, largely through citizen science data. Hames et al. (2002) coupled monitoring data (BBS and Birds in Forested Landscapes) with smaller-scale studies to link acid deposition, low pH soils depleted of calcium, and a shortage of calcium-rich invertebrates to declines in the wood thrush, Hylocichla mustelina. In a detailed study, citizen participants placed moist cardboard squares out in the forest to quantify calcium-rich invertebrates, demonstrating an association between acid deposition and lower abundance of calcium sources required for successful breeding. Ongoing studies in New York State continue to involve these citizen scientists in collecting calcium-rich invertebrates to look for high concentrations of methyl mercury as a secondary impact of acidification. Meanwhile, researchers continue large-scale analysis linking declines in abundance based on BBS data to acid rain and heavy mercury deposition.
This approach to citizen science, recruiting dedicated individuals to help ask specific questions about environmental stressors, combines the spatial coverage of citizen science with more detailed, hypothesis-driven research to develop a deeper understanding of how a particular ecological system functions. Following up on this research, another group of ecologists conducted a local field experiment, demonstrating positive effects of calcium supplementation (liming) on both snail and ovenbird, Seiurus aurocapillus, abundance in Pennsylvania (Pabian & Brittingham 2007) . Expanding upon citizen science research with rigorous, detailed field experiments leads to stronger inference and illustrates how ecologists might think about integrating citizen science into Observer quality: relates to interobserver variation in the ability to collect data and may result from age, education, collection skills, and length of program participation large, collaborative endeavors, such as at Long Term Ecological Research sites and the National Ecological Observatory Network (NEON) (see Figure 2) .
The previous examples notwithstanding, ecosystem studies have been slow to take advantage of the potential for gathering citizen science data. Plans for NEON include augmenting data collected at observatory sites with data from surrounding landscapes for broader understanding of spatial variation in ecological and biogeochemical processes (Lowman et al. 2009 ). NEON program developers should consider the possibility that citizen scientists may be tapped to carry mobile sensing devices into a broad range of environments (Burke et al. 2006 ) with particularly robust coverage in urban and suburban landscapes (Figure 1) . Ecosystem studies will benefit from both observational monitoring and engaging participants in collecting physical samples over broad regions. For example, a primary concern of ecosystem ecology is climate forcing, which describes the feedback loop in which climate-induced changes in ecosystems in turn produce changes in regional climate (Torn & Harte 2006) . Research on climate forcing would certainly benefit from citizen science approaches, because dispersed citizen science observations could be used to ground truth remote sensing data, add spatial coverage to coordinated observational and experimental data sets, and provide critical sampling coverage for parameters such as weather, water table depth, soil moisture, phenology, and herbivory (Kueppers et al. 2007 ). The potential impact on climate forcing of changes in abundance and distributions of animal and plant species is currently addressed with crude categorical measures, suggesting an important role for biodiversity monitoring in this area of ecosystem research as well.
CHALLENGES IN WORKING WITH CITIZEN SCIENCE DATA
Citizen science data are often subject to a wide range of analysis methods with varying results. Take, for example, declines in neotropical migrants, which have concerned conservation biologists for nearly half a century (Carson 1962) . Although declines, based on BBS data, were first attributed to tropical deforestation (Robbins et al. 1989 ), subsequent analysis suggested that they were a statistical artifact ( James et al. 1996 , Villard & Maurer 1996 , that they were real, but caused by brown-headed cowbird (Molothrus ater) parasitism in North America (Böhning-Gaese & Bauer 1996) , that they were an artifact of reduced detectability due to increased anthropogenic noise (Simons et al. 2007) , and, most recently, that they were real and caused by widespread use of pesticides and other biocontaminants (Stutchbury 2007) . This example shows not only that different approaches to the same data set can lead to different results and conclusions, but that achieving a best fit between analytical techniques, a data set, and a particular question is an active area of research.
Ecologists should anticipate a significant learning curve in working with any particular data set, in terms of both data management and developing an understanding of how to work with the data to minimize error and bias for particular research projects. Data quality issues are not unique to citizen science, and very large sample sizes will tend to lessen sampling error (that is, increase precision); however, issues of bias must be addressed in a question-specific manner with advanced statistical approaches, biological insight, and recognition that samples unbiased for one question are not necessarily unbiased for another.
Error and Bias Due to Variation in Observer Quality
An early concern regarding citizen science data was observer quality, that is, skill of participants compared to professional biologists. Like ecological field assistants, citizen scientists vary in ability,
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experience, and type of training. Training deficits may certainly lead to increased error or bias, but it is not yet clear whether allowing citizen scientists to teach themselves how to follow protocols, as is typical for Internet-based projects, is less effective than personalized training. One study demonstrated that trained volunteers were not as good as professionals at detecting low densities of woolly adelgids (Hemiptera), an insect pest of eastern hemlock (Tsuga Canadensis) (Fitzpatrick et al. 2009 ). Volunteers performed better when accompanied by professionals, suggesting that ongoing, personalized training is important. This study did not differentiate the importance of training from that of experience, leaving open the possibility that trained volunteers, left to their own devices, would provide professional quality data with more experience.
Acoustical monitoring has been used for birds and other taxa, but its efficacy for volunteer-based monitoring is best studied in amphibians. The North American Amphibian Monitoring Program and other anuran surveys employ hundreds of volunteers to keep track of frogs and toads ( Table 2) . Using anuran call surveys, researchers found that observer skill and inter-observer variation vary widely with species and should be controlled for, either in sampling design or in data analysis (de Solla et al. 2005 , Genet & Sargent 2003 , Lotz & Allen 2007 , Pierce & Gutzwiller 2007 , Weir et al. 2005 . Coordinators of this program deemed this sampling issue so important that starting in 2006 they required program participants to pass an online "Frog Quiz" to ensure that they know how to identify species by their vocalizations.
Age of observers can also be an important determinant of data quality. Delaney et al. (2008) assessed the accuracy of data collected by over 1,000 citizen scientists to document the occurrence of invasive and native crabs within the intertidal zone of seven coastal states of eastern North America. Students in grades three and seven had the ability to differentiate between species of crabs with over 80% and 95% accuracy, respectively, but older volunteers with at least two years of university education were better able to correctly identify both the species and the age of crabs.
Several studies of volunteer-based monitoring programs conducted over many years have documented "learner" or "first-year" effects, where observers become better data collectors over time (Bas et al. 2008 , Jiguet 2009 , Kendall et al. 1996 , Sauer et al. 1994 , Schmeller et al. 2009 ). Improvement is expected with increased familiarity with protocols, improved identification skills, and increased awareness of where and when certain species occupy certain areas. Cognitive issues inherent in development of a "search image" may also play a role (Duncan & Humphreys 1989) . In the French Breeding Bird Survey, Jiguet (2009) estimated the average increase in the detected abundance of bird species between the first and all subsequent years at about 4.3%. For many programs, new participants account for most of the variation in observer ability.
In general, we see a clear need for wider assessment of data quality and clarification of the independent effects of professional training, task training, experience with the task, observer age, training duration, mode of training (in person versus via the Internet), and variation in species detection probability with habitat or background composition of other, nontarget species. Some studies suggest that long, arduous, or repetitive tasks, complex methods, or difficult taxonomic identifications are not suitable for citizen scientists (Darwall & Dulvy 1996 , Newman et al. 2003 , Penrose & Call 1995 . Most research has compared novice participants with professionals, the latter having both extensive experience and background, including experience on the focal project (Fitzpatrick et al. 2009 , Galloway et al. 2006 . Ecologists working with long-term monitoring data and projects delivered over the Internet should be concerned with such issues as: (a) whether training at a distance works, (b) whether cognitive biases lead to chronic data biases, (c) whether certain attributes or species are particularly difficult to measure or tell apart, and (d ) how much experience is required before data are reliable.
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Tools for Dealing with Observer Error
Data validation is an integral component of citizen science research. Major sources of error and bias, if identified, can be added to the metadata for a project and considered during analysis. Some avian monitoring projects vet data using varying combinations of local coordinators and Internet applications. Applications developed for eBird and FeederWatch use more than 600 geographic and numeric data quality filters, which allow rapid data review and electronic communication with observers to validate questionable observations. For example, in 2008-2009, Project FeederWatch received 1,342,633 observations. Biologists reviewing the 0.01% of reports flagged as "unexpected" determined that 378 records required supporting evidence in order to be accepted into the database. They received 291 responses (77%) to emails requesting validating evidence. Of the 291 responses, 158 records were confirmed (54%), 45 identifications were corrected in the database (16%), and 88 provided too little evidence to confirm the report (30%).
Sampling Bias
Citizen science data gain research value with increased understanding of their inherent biases. Bias is a complex issue that requires serious investigation, because it varies with sampling method, effort, species, and habitats sampled; usually there is potential for complex interactions among these variables.
Variation in sampling effort (time).
Attempts to standardize sampling effort vary from regularinterval, repeated-visits protocols to flexible guidelines and benchmarks that participants are encouraged to reach ( Table 2) . Because protocols that are too rigid or demanding will reduce the number of volunteers, some program managers scaffold participation, recruiting a large number of participants to collect incidental observations while funneling a subset of very committed volunteers into stricter, more labor intensive protocols. When programs have no prerequisites for minimum effort (that is, any amount of effort is allowed), samples may be highly biased, resulting in over-reporting of rare species, under-reporting of common species, and failure to report repeated sightings, because they are not deemed as "interesting" by the observer. Further, people may simply stop sampling when there are no interesting organisms to be seen. In general, this can lead to analyses and conclusions that reflect variation in effort more than actual biological patterns and processes.
Atlases are relatively labor-intensive forms of citizen science in which volunteers are asked to collect data on the occurrence (and sometimes abundance or breeding status) of hundreds of species in thousands of designated sampling blocks (Table 2) (Dunn & Weston 2008 , Gibbons et al. 2007 ). To achieve consistent coverage, many atlas programs have standard benchmarks based on the number of species sampled within a given block or the hours of effort. With repeated atlases, often spanning twenty years or more, effort and the change in effort for individual blocks are critical sources of variation that should be accounted for. Blocks differ in land cover composition such that equal time spent surveying two atlas blocks does not necessarily mean equivalent probabilities of detecting species when they are present; however, large differences in effort are particularly problematic when making analytical comparisons (McGowan & Zuckerberg 2008) .
Citizen science programs with few or no formal guidelines for standardizing effort, such as the CBC, often employ teams that vary widely in terms of number of participants and count duration ( Table 2 ). The amount of effort expended in producing a CBC is generally considered an important variable that should be accounted for in analysis (e.g., Link & Sauer 1999) . One of the main challenges with citizen science data could be resolved by standardizing sampling effort.
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Species detectability: the probability of detecting a species if it is present, also called detection probability Collecting the appropriate data on effort expended is also helpful in disentangling variation in effort from variation related to true biological patterns and processes; however, it still does not address the interaction between which birds are seen and the propensity of the observer to keep watching, a relationship that requires further study. When sampling effort is standardized, occupancy modeling allows researchers to estimate abundance, occurrence, and species richness while accounting for species detectability (Royle et al. , 2007 . Sampling frameworks based on repeated visits to the same site quantify variation in the ability to detect particular species (MacKenzie 2006) . For example, the Swiss Common Breeding Bird Survey ("Monitoring Häufige Brutvögel") ( Table 2 ) relies on over 200 skilled volunteers to survey 150 breeding bird species in 267 1-km squares laid out as a representative grid across Switzerland. Using a simplified territory mapping protocol and a specified transect route, each square is surveyed three times during the breeding season. Such standardized field protocols based on repeated visits allow researchers to develop precise estimates of population trends for most common species while accounting for individual observers' and site-level differences in ability to detect species. In the process of documenting biological patterns and trends with citizen science data, statisticians have pushed the field to adopt new, more rigorous methods of data analysis and a deeper understanding of sources of variation inherent in all ecological data.
Variation in sampling effort (space).
Like temporal heterogeneity, spatial heterogeneity of sampling effort results in biased estimates. Large, multispecies citizen science projects like the North American BBS and eBird ask people to report counts for all of the species they see or hear; researchers then code as "absent" locations reporting birds other than the target species. This strategy works best when projects sample a broad range of species or include monitoring of a smaller number of very common species to provide reasonable background data on sampling effort.
Even when citizen science programs use some form of stratified sampling, random within-strata sampling, or random sampling design, data analysts are charged with determining whether the samples are representative of the surrounding region (that is, unbiased). In general, if the habitat types surrounding sampling sites are not representative of the larger regional landscape, then differences in species occurrences or abundance may reflect spatial sampling bias rather than true geographic differences in population size (Bart et al. 1995 , Lawler & O'Connor 2004 , Niemuth et al. 2007 .
Sampling from roads, such as with the BBS, means that roadless areas are left out of the data set completely. Several researchers have attempted to quantify whether roadside surveys are representative of the surrounding regions with mixed results (Bart et al. 1995 , Hanowski & Niemi 1995 , Harris & Haskell 2007 , Keller & Yahner 2007 , Niemuth et al. 2007 . In one such study, Betts et al. (2007) analyzed changes in mature forest cover immediately adjacent to BBS routes (150 m on either side of the road) compared to the larger region within which the route was embedded (one surrounding degree block; 8,758 km 2 ). Although they did not detect a difference in the rate of change in forest cover between 1974 and 2001, BBS routes were less representative of the regional landscape during certain decades.
Although roadless areas may be undersampled, residential landscapes, which tend to have higher levels of habitat degradation, are often oversampled (Figure 1) . Corrections can be made if data from uninhabited areas are sufficient; however, if they are sparse, this can lead to biased estimates of population size, a mistaken view of the relationship between habitat and species abundance or occupancy, and flawed distribution maps.
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Methods for Improving Data Analysis
There is generally a steep learning curve both for working with a particular database, which gains value with increased documentation of potential sources of error and bias (that is, with metadata), and for individual scientists, who may require considerable time to become familiar with a particular data set. Over time, analysts discover ways to filter large data sets, using informed rules for eliminating error and bias, such as excluding data from (a) first-year participants, (b) people who submit erratically, and (c) participants who have submitted erroneous reports. Continued refinement and advancement of spatiotemporal modeling (e.g., Fink et al. 2010) will likely help to improve the quality and accessibility of citizen science research for a broader swath of researchers.
CONCLUSIONS
We are just beginning to see the benefits of combining data from separate, independent citizen science programs to monitor changes in populations, communities, and ecosystems (Freeman et al. 2007 , Link & Sauer 2007 , Link et al. 2008 , Zuckerberg et al. 2009a ). In the rush to meet the requirements of ecologists, managers, and government agencies, new, collaborative efforts seek to combine and federate monitoring data, linking them to environmental data and analysis tools ). Simultaneously, there is interest on the part of government and funding agencies to build national databases and cyberinfrastructures for large-scale ecological research. These are positive steps toward recognizing the value of understanding ecological processes and addressing applied problems at large geographic scales (e.g., NEON, the USA-National Phenology Network, Data.gov, and new National Science Foundation funding initiatives). But in the scramble for resources, it is important to recognize that the scientific and conservation goals are best served through partnership with existing projects toward ensuring that data sets can be combined and that historic data are digital and accessible online. Somewhat ironic is the fact that in the midst of a flurry of project development it has been difficult to obtain funding to digitize historic citizen science data, a problem that is currently being addressed with more economical attempts at crowdsourcing data entry.
To be successful, efforts to create and use citizen science data for the public good will require bringing historic data into national databases, while taking advantage of existing knowledge about how to make citizen science projects work. If species ranges warrant it, citizen science projects must (and most do) cross national boundaries, necessitating partnerships between governmental and nongovernmental organizations to achieve relevant geographic scope. Education specialists and information scientists have led much of the development of citizen science projects. Increased involvement of top ecological researchers in the design of citizen science projects is necessary to take monitoring to the next level. In the best of all possible worlds, this would focus efforts on a strategic set of questions of critical importance to the fields of basic and applied ecology.
To the extent that citizen science is valuable as a research tool, there is need for funding agencies to ensure that citizen science is on their radar as a developing field, requiring training programs and ecologists' engagement in development of projects and cyberinfrastructures. Although the pool of scientists competent to use the growing array of sophisticated spatial analysis tools is still quite small and the tools themselves are challenging to master, we are beginning to see Ph.D. theses in ecology based primarily or even exclusively on citizen science data. Programs and funding to support combined training and collaboration in ecology, computational biology, and advanced geospatial statistics have been lacking; these are essential to ensure full and accurate use of the large spatial data sets that are rapidly becoming available for birds and other organisms. As concerns
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about changes in environmental quality increase, we expect citizen science, with its broad spatial and temporal reach, to play an increasingly important role.
SUMMARY POINTS
1. A large suite of applied and basic ecological processes occur at geographic scales beyond the reach of ordinary research methods.
2. Citizen science is perhaps the only practical way to achieve the geographic reach required to document ecological patterns and address ecological questions at scales relevant to species range shifts, patterns of migration, spread of infectious disease, broad-scale population trends, and impacts of environmental processes like landscape and climate change.
3. Citizen science methodologies are diverse and often lead to varying levels of error and bias that are poorly understood; this has necessitated development of new, more sophisticated approaches to the analysis of large data sets, including innovations in geospatial statistics, exploratory data-mining, hierarchical modeling, and computational biology.
4. As the use of large citizen science databases grows, additional resources are required for data management, training in analytical techniques, and the development of macroecological theory.
5. The value of citizen science to applied and basic ecology has not been fully realized and articulated; increasing involvement of leading ecologists in prioritizing research goals, evaluating data quality, and informing sampling methodologies will advance the field.
FUTURE ISSUES
1. Cyberinfrastructure: Concomitant with expansion of citizen science is development of new sensor technologies, mobile and stationary, that will automate collection of large volumes of ecological data. It is unrealistic to believe that we can automate collection of all ecologically important data; making sense of diverse data sets will require increasingly advanced cyberinfrastructures to take in, vet, and federate data on a wide range of biotic and abiotic factors.
2. Data quality: Citizen science would benefit from increased emphasis on data quality, including adopting increasingly rigorous protocols such as repeated sampling at predetermined intervals, improved strategies for reducing spatial biases, use of quizzes and games to evaluate observer skill, and tools for inclusion of data on observer quality in the database.
3. Research and training: Data-intensive ecology will require research and training in new computational and statistical modeling approaches to working with large, spatial data sets, including tools for exploration, analysis, and displaying results.
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Dickinson · Zuckerberg · Bonter 4. Minimal collaborative units: Identification of critical skill sets required to make sense of large, complex ecological data sets will be vital; we suggest that the minimal trio should include a field ecologist, a geospatial ecologist, and a trained statistician. Collaborations will become increasingly cross-disciplinary (www.computational-sustainability.org) involving fields such as computer science, information science, operations research, applied mathematics, and statistics.
5. Real-time synthesis with environmental and social data: Associating citizen science data with ancillary data sets is critical, but can be complex and computationally intensive. Online data warehouses will play a critical role in linking citizen science data with other databases containing information on land cover, topography, census data, LIDAR (Light Detection And Ranging), and NDVI (Normalized Difference Vegetation Index). Further, historical data sets must be digitized and integrated with contemporary citizen science platforms.
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